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TITLE OF THE INVENTION 
Optical Fiber 
RELATED APPLICATIONS 

This is a Continuation-In-Part application of pending 
5 U.S. patent application filed on January 31, 2002, which 

is a continuation application of the U.S. patent application 
serial No. 09/613,755 filed on July 11, 2000. 

BACKGROUND OF THE INV ENTION 
M= 

Field of the Invention 
Q 

69 io The present invention relates to an optical fiber which 

0^ is suitable as an optical transmission line in wavelength 

m 

S! division multiplexing (WDM) transmission systems. 

O Related Backgroun d Art 

m 

lU WDM transmission lines which enable optical 

m 

O 15 transmissions, those of a large capacity and high speed in 



ru 



particular, mainly utilize optical fibers. Recently, 
however, the deterioration in light signals caused by 
nonlinear optical phenomena such as four-wave mixing among 
individual light signals occurring in an optical fiber has 
become problematic in such WDM transmission systems. 
Therefore, in the WDM transmission systems, it is important 
that the occurrence of nonlinear optical phenomena be 
suppressed, and to this aim, it is necessary that the mode 
field diameter or effective area of the optical fiber be 
increased, so as to lower the optical energy density per 
unit cross-sectional area. For example, Japanese Patent 
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Application Laid-Open No. HE I 8-248251 discloses an optical 
fiber having an effective area (70 jUm z or more) which is 
greater than that of normal dispersion-shifted fibers. 
SUMMARY OF THE INVENTION 

It has been known that, in general, microbend 
characteristics deteriorate as the mode field diameter or 
the effective area increases, whereby the microbend loss 
caused by cabling becomes greater. 

For example, Fig. 1 is a chart showing the refractive 
index profile of a dispersion-shifted fiber having a double 
core structure . In this dispersion-shifted fiber, the core 
region is constituted by an inner core having a refractive 
index nl and an outer core having a refractive index n2 (< 
nl) , whereas a single cladding layer having a refractive 
index n3 (< n2 ) is provided on the outer periphery of the 
core region. On the other hand, Fig. 2 is a graph showing 
the relationship between the mode field diameter and the 
increase in loss caused by microbend at a wavelength of 1 . 55 
jUm (1550 ran) concerning this optical fiber having the 
refractive index profile of a double core structure . In this 
specification, the mode field diameter refers to Petermann-I 
mode field diameter. This Petermann-I mode field diameter 
is given by the following expressions (la) and (lb) : 

MFDl = 2w l (la) 
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(lb) 

So E.rdr 

as shown in E.G. Neumann, "Single-Mode Fibers," pp. 225, 
1988. 

In expression (lb), r is the radial positional variable 
5 from the core center taken as the origin, whereas E is the 

electric field amplitude and is a function of the positional 

H 

Q variable r. The microbend loss is defined by the amount of 

S 

03 increase in loss when an optical fiber having a length of 

ff= 250 m is wound at a tension of 100 g around a bobbin having 

m 

SS 10 a barrel diameter of 280 mm whose surface is wrapped with 

a 

O a J IS #1000 sandpaper sheet. 

m 

fU Also, from the results of theoretical studies, it has 

m 

£3 been known that the relationships of the following 

ru 

expressions (2a) to (2c) exist between microbend loss A 
15 a and mode field diameter MFD1 : 

Aa=^ ^ fr nl wj ^(A/S) (2a) 
Ajg - 2 \ (2b) 

4>(A^)=^-Xc-exp-^^^j 2 j (2c) 

In these expressions, R is the radius of curvature of 
20 microbending applied to the optical fiber, k is the wave 

number, nl is the refractive index of the core region, and 
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Lc is the correlation length of the microbending applied 

to the optical fiber. 

As can be seen from Fig. 2 and expressions (2a) to (2c) 

mentioned above, the microbend loss increases as the mode 

5 field diameter MFDl is greater. However, though the 

conventional optical fibers are designed in view of macrobend 

loss, no consideration has been given to microbend loss. 

Also, it has been known that, if the amount of increase in 

G loss measured when an optical fiber is wound around a bobbin 

O 

03 io whose surface is wrapped with sandpaper, as an index for 

=p 

EP cabling an optical fiber, exceeds about 1 dB/km, then 

m 

SJ microbend loss increases upon cabling. Hence, it is clear 

O that microbend loss increases upon cabling in an optical 

m 

HJ fiber such as the one mentioned above. 

03 

□ 15 In order to overcome such problems, it is an object 



m 



of the present invention to provide an optical fiber having, 
at least, a structure which can effectively suppress the 
increase in microbend loss. 

For achieving the above-mentioned object, the optical 
fiber according to the present invention comprises a core 
region extending along a predetermined axis and a cladding 
region provided on the outer periphery of the core region, 
these core and cladding regions being constituted by at least, 
three layers of glass regions having respective refractive 
indices different from each other. Also, this optical fiber 
is substantially insured its single mode with respect to 
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light at a wavelength in use, e.g., in a 1 . 55-//m wavelength 
band (1500 nm to 1600 nm) , and has a fiber diameter of 140 
JULIO, or more but 200 jULm or less . Thus, since the fiber diameter 
is 14 0 jum or more, the rigidity of the optical fiber according 
5 to the present invention is high even when the mode field 

diameter is large, whereby the increase in microbend loss 
is suppressed. On the other hand, since the fiber diameter 
is not greater than 200 JULm, the probability of the optical 

M= 

O fiber breaking due to bending stresses is practically 

O 

CO 10 unproblematic. 

4= 

CP In particular, when the 1 . 55- jum wavelength band is 

w 

SJ employed as the wavelength band in use for WDM transmissions, 

O it is preferred in the optical fiber according to the present 

ni 

fy invention that the absolute value of chromatic dispersion 

m 

□ 15 at a wavelength of 1550 nm be 5 ps/nm/km or less. Also, it 

m 

is preferred that the Petermann-I mode field diameter be 
11 jULia. or more. It is because of the fact that, if the mode 
field diameter is 11 jum or more, then the optical energy 
density per unit cross-sectional becomes smaller even when 

20 WDM signals are transmitted, whereby the occurrence of 

nonlinear optical phenomena can effectively be suppressed. 

The optical fiber according to the present invention 
can be employed as a single-mode optical fiber such as 
dispersion-shifted fiber, dispersion-flattened fiber, 

25 dispersion-compensating fiber, or the like. 

In particular, when the optical fiber according to the 
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present invention is employed as a dispersion-flattened fiber, 

it is preferable for the optical fiber to have, for at least 

one wavelength within the wavelengthband in use, a dispersion 

slope of 0.02 ps/nm 2 /km or less and an effective area of 50 

5 jJLm 2 or more . More preferably, in particular, the dispersion 

slope is 0.02 ps/nm 2 /km or less in terms of absolute value. 

Also, when the optical fiber according to the present 

invention is employed as a dispersion-compensating fiber, 

Q it is preferable for the optical fiber to have, for at least 
P 

W 10 one wavelength within the wavelength band in use, achromatic 

£H dispersion of -18 ps/nm/km or less and an effective area 

m 

^ of 17 jum 2 or more. 

O Further, when the opt ical fiber according to the present 

ru 

fU invention is employed as an optical fiber having an enlarged 

m 

□ 15 effective area, it is preferable for the optical fiber to 

ru 

have, for at least one wavelength within the wavelength band 
in use, an effective area of 110 jiim 2 or more. The optical 
energy density per unit cross-sectional area can be kept 
low in this optical fiber as well, whereby the occurrence 

20 of nonlinear optical phenomena can be suppressed effectively. 

In various kinds of optical fibers mentioned above, 
the fiber diameter is 150 jam or more but 200 /Zm or less. 
In the case of a dispersion-compensating fiber having such 
characteristics as those mentioned above, however, its fiber 

25 diameter is preferably 140 ju.ro. or more but 200 jam or less 

since itsmicrobend characteristics are likely to deteriorate 
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in particular. 

When the optical fiber according to the present 
invention is employed in an optical cable, it is preferable 
for the optical fiber to have, for at least one wavelength 
5 within the wavelength band in use, an effective area of 17 

jUm 2 or more and a chromatic dispersion value of -83 ps/nm/km 
or more, and have a fiber diameter of 140 jum or more but 
200 jilm or less. Such an optical fiber aimed at cabling can 

O be employed as a single-mode optical fiber such as 

□ 

Ql 10 dispersion-shifted fiber, dispersion-flattened fiber, 

gj dispersion-compensating fiber, or the like as well. 

w 

\i As explained in the foregoing, in view of various 

q circumstances applicable thereto, the optical fiber 

j=y according to the present invention is preferably an optical 

p 15 fiber which has a fiber diameter of 140 jUm or more but 200 



jUm or less, and also has, for at least one wavelength within 
the wavelength band in use, an effective area of 17 jum 2 or 
more and a chromatic dispersion value of -83 ps/nm/km or 
more; and, further, preferably is an optical fiber which 
has a fiber diameter of 140 jUm or more but 200 jUm or less, 
and also has, for at least one wavelength within the wavelength 
band in use, an effective area of 17 jLLm 2 or more and a chromatic 
dispersion value of -48 ps/nm/km or more. Also, depending 
on the kind of optical fiber employed, the fiber diameter 
thereof is preferably 150 jUm or more but 200 //m or less. 

The optical fiber according to the present invention 
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may comprise a coating layer provided on the outer periphery 
of the cladding region. The coating layer preferably has 
a diameter of 260 //mor less, and, for example, has a thickness 
of 55 jLLm or less but 25 /Zm or more. The coating layer also 
5 has a single-layer structure or two-layer lamination 

structure. The coating layer of the single-layer type 
preferably has Young's modulus of 1 to 200 kgf/mm 2 . On the 
other hand, the coating layer of two-layer type comprises 
p a first layer provided on the outer periphery of the cladding 

o 

03 10 region and a second layer provided on the outer periphery 

gn of the first layer . The second layer preferably has Young' s 

m 

SJ modulus of 1000 times greater than that of the first layer, 

p Specifically, it is preferable that the first layer has 

j*y Young's modulus of 0.01 to 0.2 kgf/mm 2 and the second layer 

00 7 

p 15 has Young's modulus of 10 to 200 kgf/mm at a temperature 



ru 



of 20 °C. 

The present invention will be more fully understood 
from the detailed description given hereinbelow and the 
accompanying drawings, which are givenby way of illustration 
only and are not to be considered as limiting the present 
invention. 

Further scope of applicability of the present invention 
will become apparent from the detailed description given 
hereinafter. However, it should be understood that the 
detailed description and specific examples, while indicating 
preferred embodiments of the invention, are given by way 



8 



SEI 99-24B US 



of illustration only, since various changes andmodif ications 
within the spirit and scope of the invention will be apparent 
to those skilled in the art from this detailed description. 
BRIEF DESCRIPTION OF THE DRAWINGS 
5 Fig. 1 is a chart showing the refractive index profile 

(double core structure) of a dispersion-shifted fiber; 

Fig. 2 is a graph showing the relationship between the 
mode field diameter (Petermann-I ) and the increase in loss 

*"* 

D caused by microbend at a wavelength of 1.55 jULm in the 

O 

03 10 dispersion-shifted fiber shown in Fig. 1; 

yl Fig. 3A is a view showing a cross-sectional structure 

m 

SI which is common in individual embodiments of the optical 

□ fiber according to the present invention, whereas Fig. 3B 

m 

jfy is a chart showing the refractive index profile of the optical 

m 

p 15 fiber according to the fourth embodiment; 



ru 



Figs. 4A and 4B are views showing cross-sectional 
structures of two types of the coating layers shown in Fig. 
3A; 

Fig. 5 is a table listing characteristics of four 
samples prepared as prototypes for explaining the optical 
fiber according to the first embodiment; 

Fig. 6 is a graph showing respective results of 
evaluation of the four samples prepared as prototypes for 
explaining the optical fiber according to the first 
embodiment ; 

Fig. 7A is a view showing a cross-sectional structure 
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of an optical fiber unit constituting a part of an optical 
cable, whereas Fig. 7B is a view showing a cross-sectional 
structure of the optical cable having the optical fiber unit 
shown in Fig. 7A; 
5 Fig. 8 is a table listing characteristics of three 

samples prepared as prototypes for explaining the second 
embodiment of the optical fiber according to the present 
invention; 

B Fig. 9 is a table listing characteristics of four 

□ 

SO 10 samples prepared as prototypes for explaining the third 

4S 



embodiment of the optical fiber according to the present 



m 
m 

^ invention; 

Fig. 10 is a graph showing respective results of 

fU evaluation of the four samples prepared as prototypes for 

03 

O 15 explaining the optical fiber according to the third 

ru 

embodiment; 

Fig. 11 is a graph showing a relationship between fiber 
diameter and probability of breaking; 

Fig. 12 is a table listing characteristics of two 
2 0 samples prepared as prototypes for explaining the fourth 

embodiment of the optical fiber according to the present 
invention; 

Fig. 13 is a chart showing a refractive index profile 
in the fifth embodiment of the optical fiber according to 
25 the present invention; 

Fig. 14 is a chart showing a refractive index profile 
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in the sixth and seventh embodiments of the optical fiber 
according to the present invention; and 

Fig. 15 is a graph showing the relationship between 
chromatic dispersion and dispersion slope in the optical 
fiber (A + = 0.9%, A" = -0.44% ) according to the sixth 
embodiment shown in Fig. 14. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Individual embodiments of the optical fiber according 
to the present invention will now be explained in detail 
with reference to Figs. 1, 3A to 4B, 5, 6, 7A, 7B, and 8 
to 15. 

Here, as shown in Fig. 3A, the optical fiber 100 
according to the present invention comprises a core region 
110 extending along a predetermined axis and having an outside 
diameter a, a cladding region 120 provided on the outer 
periphery of the core region 110 and having an outside diameter 
b (coinciding with the fiber diameter) , and a coating layer 
130 provided on the outer periphery of the cladding region 
120, whereas the core and cladding regions are constituted 
by at least three layers of glass regions having respective 
refractive indices different from each other in embodiments 
which will be explained in the following. Also, in each of 
the optical fibers according to the respective embodiments, 
the absolute value of chromatic dispersion at a wavelength 
of 1.55 /im (1550 nm) is 5 ps/nm/km or less, the Petermann-I 
mode field diameter is 11 {Am or more, and the fiber diameter 
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b is 140 jUm or more but 200 /Llm. or less. 

The optical fibers according to the first to third 
embodiments have a refractive index profile of double core 
structure identical to that shown in Fig. 1, whereas the 
5 optical fiber according to the fourth embodiment has a 

refractive index profile with an outer ring core/depressed 
cladding structure as shown in Fig. 3B. 

The refractive index profile shown in Fig. 1 indicates 

? " the refractive index in each part on the line L in Fig. 3A. 

O 

2 10 In the optical fibers of the first to third embodiments, 

the core region 110 having the outside diameter a is 
constituted by an inner core having a refractive index nl, 
and an outside core provided on the outer periphery of the 
inner core and having a refractive index n2 (< nl) , whereas 



m 
m 
si 



o 
ru 
m 

to 15 the cladding region 120 having the outside diameter b 

fU (coinciding with the fiber diameter) is constituted by a 

single cladding provided on the outer periphery of the outer 
core and having a refractive index n3 {< n2) . Thus, each 
of the optical fibers according to the first to third 
20 embodiments is an optical fiber which is constituted by three 

glass layers (the inner core, outer core, and single cladding) 
and is insured its single mode in a wavelength band in use. 

On the other hand, the optical fiber according to the 
fourth embodiment is an optical fiber having a refractive 
25 index profile 500 with an outer ring core/depressed cladding 

structure as shown in Fig. 3B, whereas the refractive index 
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profile 500 also indicates the refractive index in each part 

on the line L in Fig. 3A. In particular, in the refractive 

index profile 500, parts 510 and 520 indicate a core region 

having an outside diameter a and a cladding region having 

5 an outside diameter b, respectively. In the fourth 

embodiment, the core region is constituted by an inner core 

having a refractive index nl, an intermediate core provided 

on the outer periphery of the inner core and having a refractive 

p index n2 (< nl) , and an outer ring core provided on the outer 

O 

CO 10 periphery of the intermediate core and having a refractive 

4= 

|p index n3 (> n2) . On the other hand, the cladding region is 

m 

\j constituted by an inner cladding provided on the outer 

q periphery of the outer core and having a refractive index 

ru 

py n4 (<n3), and an outer claddingprovidedon the outer periphery 



m 

Q 

ru 



of the inner cladding and having a refractive index n5 (> 
n4) . Thus, the optical fiber according to the fourth 
embodiment is an optical fiber which is constituted by five 
layers of glass (the inner core, intermediate core, outer 
ring core, inner cladding, and outer cladding) and is insured 
its single mode in a wavelength band in use. 

The coating layer 130, shown in Fig. 3A, can has a 
single-layer structure or two-layer lamination structure. 
Fig. 4A is a view showing a cross-sectional structure of 
the coating layer 130 with a single-layer structure . In Fig. 
4A, the coating layer 130 preferably has a diameter of 260 
/Urn or less, and, for example, has a thickness T of 55 fJL 
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m or less but 25 jam or more. The coating layer 130 of the 
single-layer type preferably has Young's modulus of 1 to 
200 kgf/mm 2 . On the other hand, Fig. 4B is a view showing 
a cross-sectional structure of the coating layer 130 with 
5 a two-layer lamination structure. In Fig. 4B, the coating 

layer 130 comprises a first layer 131 provided on the outer 
periphery of the cladding region 120, and a second layer 
132 provided on the outer periphery of the first layer 131. 
g The coating layer 130 of two-layer lamination type preferably 

§ 10 has a diameter of 260 jUm or less, and, for example, has a 

| thickness T of 55 jUm or less but 25 /Zm or more . In the coating 

5 layer 130 of two-layer lamination type, the second layer 

132 preferably has Young's modulus of 1000 times greater 



o 

I than that of the first layer 131. Specifically, it is 

q 15 



preferable that the first layer 131 has Young's modulus of 
S 0 . 01 to 0 . 2 kgf/mm 2 and the second layer 132 has Young' s modulus 

of 10 to 200 kgf/mm 2 at a temperature of 20 °C. 

The optical fibers according to the first to seventh 
embodiments having the refractive index profiles mentioned 
above will now be explained successively. 
First Embodiment 

First, for explaining the optical fiber according to 
the first embodiment, four kinds of optical fibers (sample 
la to sample Id) having substantially the same Petermann-I 
mode field diameter MFD1 and respective values of fiber 
diameter b different from each other were prepared as 
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prototypes and evaluated. Fig. 5 is a table listing 
characteristics of each of the four kinds of samples la to 
Id prepared as prototypes for explaining the optical fiber 
according to the first embodiment. 
5 The fiber diameter b is about 125 JJLvx in sample la, 

about 140 JUm. in sample lb, about 150 jUm in sample lc, and 
about 160 jUm in sample Id. Here, each of the Petermann-I 
mode field diameter MFD1 (11.73 to 11.88 //m) given by the 

LA 

q above-mentioned expressions (la) and (lb), effective area 

5 

gj 10 (69.7 to 72.1 jUm 2 ) , chromatic dispersion value (-2.2 to -1.9 

g=j ps/nm/km) , and cutoff wavelength (1.50 to 1.53 //m) is 

!Jj substantially the same among the four kinds of samples- la 



□ 

ru 
m 
m 
o 
m 



to Id. 

Such four kinds of samples la to Id having respective 
values of fiber diameter b different from each other are 
obtained by preparing four kinds of preforms, which use core 
members having an identical diameter, whose outside diameter 
ratios between core member and cladding member differ from 
each other, and drawing them. Further, the periphery of each 
of the four kinds of samples la to Id is provided with the 
coating layer, made of the same material, having an outside 
diameter of 250 JUm (see Fig. 4A) . The values of the mode 
f ielddiameterMFDl, effective area, and chromatic dispersion 
are those measured at a wavelength of 1.55 JUm (1550 ran) . 

For each of these four kinds of samples la to Id, 
microbend loss was measured. In this measurement, each 
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optical fiber having a length of 250 m was wound at a tension 

of 100 g around a bobbin having a barrel diameter of 280 

mm whose surface was wrapped with a JIS #1000 sandpaper sheet, 

and the resulting amount of increase in loss was defined 

5 as the microbend loss. Fig. 6 is a graph showing the 

respective results of evaluation of the four kinds of samples 

prepared as prototypes for explaining the optical fiber 

according to the first embodiment . It is seen from this graph 

=r that the amount of increase in loss, i.e., microbend loss, 

O 

r? 10 becomes smaller as the fiber diameter b is greater. 



J When an optical cable having a cross-sectional 

J structure such as those shown in Figs. 7A and 7B is being 

-4 

- made, the microbend loss increases upon cabling. For 

□ 

HJ preventing this phenomenon from occurring, it is necessary 

GO 15 that the microbend loss be suppressed to about 1 dB/km or 

O 

fU less. Therefore, as can be seen from Fig. 6, it is necessary 

for the fiber diameter b to become 140 jUm or more when the 
effective area is about 70 jUm 2 . 

Here, Fig. 7A is a view showing the cross-sectional 
20 structure of an optical fiber unit, whereas Fig. 7B is a 

view showing the cross-sectional structure of an optical 
cable in which this optical fiber unit 200 is employed. In 
Fig. 7A, optical fibers 100 each having a UV-curable resin 
150 coated thereon as the coating layer 130 are integrated 
25 with each other about a tension member 151 with a UV-curable 

resin 152. Further, the periphery of the UV-curable resin 
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152 is coated with a UV-curable resin 153, so that the optical 
fiber unit 200 is obtained. An optical cable 300 employing 
the optical fiber unit 200 is obtained by accommodating into 
a copper tube 253 the optical fiber unit 200 successively 
5 covered with a three-part pipe 250 made of a steel and tension 

piano wires 252 by way of a water-running prevention compound 
251, and then successively covering the outer periphery of 
the copper tube 253 with a low-density polyethylene 254 and 
a high-density polyethylene 255. 



Second Embodiment 



S 10 

03 

£ Next, in the second embodiment, the comparison between 

CP 

characteristics of a conventional optical fiber which has 

8 already been verified to be free from the problem caused 

□ 

fU by cabling and characteristics of the optical fiber according 

fU 

03 15 to the second embodiment will be explained. Fig. 8 is a table 

O 

fU listing characteristics of each of three kinds of samples 

2a to 2c prepared as prototypes for explaining the optical 
fiber according to the second embodiment . Among them, sample 
2a is a conventional optical fiber which has already been 

20 verified to be free from the problem caused by cabling. 

The fiber diameter b is about 125 jUm in samples 2a 
and 2b, and about 140 /ini in sample 2c. The Petermann-I mode 
field diameter MFD 1 given by the above-mentioned expressions 
(la) and (lb) is about 10 /iia in sample 2a, and about 11 jU. 

25 m in samples 2b and 2c. The effective area is about 55 jU 

m 2 in sample 2a, and about 65 jUm 2 in samples 2b and 2c. Here, 
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Q 

m 

m 
m 

SI 



each of the chromatic dispersion value (-2.2 to -2 . 0 ps/nm/km) 
and cutoff wavelength (1.51 to 1.53 jUm) is substantially 
the same value among the three kinds of samples 2a to 2c. 
The periphery of each of the three samples 2a to 2c is provided 
with the coating layer, made of the same material, having 
an outside diameter of 250 jam (see Fig. 4A) . The values 
of themode field diameter MFD1, effective area, and chromatic 
dispersion are those measured at a wavelength of 1.55 jU 
m. 

Using these three kinds of samples 2a to 2c, the optical 
fiber unit 200 having the cross-sectional structure shown 
in Figs. 7A and 7B was made. A hydraulic pressure of 100 
atmospheres was applied to thus obtained optical fiber unit 
200, so as to simulate the external pressure applied to the 

m 

GO 15 optical fiber unit 200 upon cabling . As a result, the amount 

O 

fU of increase in loss, i.e., microbendloss, in sample 2b having 

a fiber diameter b of about 125 jum and an effective area 
of about 65 jULm 2 was 20 mdB/km. On the other hand, the amount 
of increase in loss, i . e . , microbend loss, in sample 2c having 

20 a fiber diameter b of about 140 JULm and an effective area 

of about 65 jum 2 was not greater than 0.5 mdB/km, which was 
the limit of measurement, whereby this sample yielded a 
characteristic equivalent to that of the conventional sample 
2a which had already been verified to be free from the problem 

25 caused by cabling. 

Third Embodiment 
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The third embodiment will now be explained. In the 
third embodiment, for optical fibers having a further greater 
effective area, the effect of reducing microbend loss 
resulting from the increase in fiber diameter was verified. 
5 Fig. 9 is a table listing characteristics of each of four 

kinds of samples 3a to 3dprepared as prototypes for explaining 
the optical fiber according to the third embodiment. 

The fiber diameter b is about 150 jUm in samples 3a 
^ and 3c, and about 170 jUm in samples 3b and 3d. The Petermann-I 

2 10 mode field diameter MFD1 given by the above-mentioned 

03 



01 



expressions (la) and (lb) is about 13.2 /zm in samples 3a 
and 3b, and about 14 . 2 JUm in samples 3c and 3d . The effective 
jj^ area is about 80 /zm 2 in samples 3a and 3b, and about 90 JUL 

0J m 2 in samples 3c and 3d. On the other hand, each of the 

[U 

ffl 15 chromatic dispersion value (-2 . 0 to -2 . 2 ps/nm/km) and cutoff 

o 

fU wavelength (1.50 to 1.53 //m) is substantially the same value 

among the four kinds of samples 3a to 3d. The periphery of 
each of the four samples 3a to 3d is provided with the coating 
layer, made of the same material, having an outside diameter 

20 of 250 /Urn (see Fig. 4A) . The values of the mode field diameter 

MFD1, effective area, and chromatic dispersion are those 
measured at a wavelength of 1.55 jUm. 

For each of these four kinds of samples 3a to 3d, 
microbend loss was measured. The method of measuring the 

25 microbend loss was similar to that in the case of the first 

embodiment. Fig. 10 is a graph showing respective results 
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a 

CO 



of evaluation of the four kinds of samples prepared as 
prototypes for explaining the optical fiber according to 
the third embodiment. As can be seen from this graph, when 
the effective area is about 80 JLLm 2 , the microbend loss can 
be suppressed to its target value of about 1 dB/km or less 
if the fiber diameter b is about 150 jLLm or more. On the 
other hand, when the effective area is about 90 jUva 2 , the 
microbend loss can be suppressed to its target value of 1 
dB/km or less if the fiber diameter b is about 170 jam. or 
more . 

+= From the foregoing, it is seen that, even when the 

01 

0j effective area is large, the microbend loss can be suppressed 

5 to its target value of about 1 dB/km or less if the fiber 

O 

ru diameter is large. This fact can be explained by the 

m 

89 15 following as well . Namely, the microbend loss of an optical 

o 

pj fiber is generated when an external force applied to the 

optical fiber causes random minute curvatures in the 
longitudinal direction in the core region of the optical 
fiber. This microbend loss is proportional to the square 
20 mean of the reciprocals of the radii of curvature of the 

minute curvatures. On the other hand, if the external force 
applied to the optical fiber is constant, then the minute 
curvatures occurring in the optical fiber can be suppressed 
by increasing the rigidity of the optical fiber. Letting 
25 b be the fiber diameter of the optical fiber, the rigidity 

(bending moment) I of the optical fiber is given by the 
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following expression (3) : 

I =jt- b 4 /64 ( 3 ) 

Therefore, increasing the fiber diameter b of the 
optical fiber greatly improves the rigidity I of the optical 
5 fiber, thereby suppressing minute curvatures and greatly 

reducing the microbend loss. 

For example, when an optical fiber having a fiber 
diameter of 200.3 jUm, an effective area of 90.4 jum 2 , a 

p chromatic dispersion value of -2.1 ps/nm/km, a cutoff 

Q 

Qj 10 wavelength of 1.7 3 fJLvx, and a coating layer with an outside 

f?\ diameter of 250 jLLm was prepared as a prototype, and its 

microbend loss was measured in a manner similar to that of 
the first embodiment, the resulting value was 0.3 dB/km. 
This characteristic is on a par with that of the conventional 
15 optical fiber which has already been verified to be free 

from the problem caused by cabling. 

As the fiber diameter b increases, however, the stress 
in the fiber surface (the surface of the outermost cladding 
layer) occurring when the optical fiber is bent becomes 
20 greater than that in the conventional optical fiber, thereby 

increasing the probability of breaking upon bending. Hence, 
the range of fiber diameter b within which the probability 
of breaking is practically unproblematic will now be 
calculated by way of trial. The probability of breaking F 
25 of the optical fiber after passing a screening test is given 

by the following expression (4) : 
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m/( n+ l) 



F =l-exp -L Np- 



1 + 



ts 



-1 



(4) 



tp 



where L is the optical fiber length to which a stress is 
applied in the state of its actual use, Np is the number 
of breaks per unit length at the time of screening test, 
Cs is the stress upon its actual use, CTp is the stress at 
the time of screening, ts is the time of actual use, tp is 
the screening time, n is the fatigue coefficient, and m is 
a parameter representing the gradient of a Weibull plot. 

It is assumed that smaller-diameter bending in an 
optical fiber at the time of actual use occurs in a surplus 
length portion which is left for fusion connection in a 
repeater, and that one turn of bending with a diameter of 
30 mm exists in one repeater at worst. Also, it is assumed 
that the total optical fiber length of the optical 
transmission system is 9000 km, in which repeaters are 
disposed at intervals of 50 km on average. Then, the fiber 
length L to which the bending with a diameter of 30 mm is 
applied becomes 16.9 m in the optical transmission system 
as a whole. It is also assumed that the number of breaks 
per unit length at the time of screening test Np is 2 X 10" 5 , 
and the- stress CTp at the time of screening is 2.2%. Let 
the time of actual use ts be 25 years, and the screening 
time tp be 1 second. Let the fatigue coefficient n be 20, 
and the parameter m representing the gradient of the Weibull 
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plot be 10. 

Fig. 11 is a graph showing the relationship between 
the fiber diameter b and the probability of breaking according 
to above-mentioned expression (4) on the foregoing assumption. 
5 As can be seen from this graph, the probability of breaking 

becomes higher as the fiber diameter is greater . If the fiber 
diameter is 200 jLLm. or less, however, then the probability 
of breaking is 10" s or lower, whereby there is no problem 
in practice. 

O 

Q 10 Fourth Embodiment 

m 

4= The fourth embodiment will now be explained. Prepared 

01 

0^ for the evaluation of the fourth embodiment were two kinds 

SI 

of samples 4a and 4b, each having a refractive index profile 

fU of a dispersion-shifted optical fiber with the outer ring 

ry 

63 15 core/depressed cladding structure shown in Fig. 3B, whose 

P 

fy values of Petermann-I mode field diameter MFD1 were 

substantially identical to each other, whereas their values 
of fiber diameter b were different from each other. 

Here, as mentioned above, the refractive index nl of 

20 the inner core, the refractive index n2 of the intermediate 

core, the refractive index n3 of the outer ring core, the 
refractive index n4 of the inner cladding, and the refractive 
index n5 of the outer cladding have relationships of nl > 
n2, n3 > n2, and n5 > n4 . 

25 Fig. 12 is a table listing characteristics of each of 

the two kinds of samples prepared as prototypes for explaining 
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the optical fiber according to the fourth embodiment. The 
fiber diameter b is about 125 jULm in sample 4a, and about 
150 //m in sample 4b. On the other hand, each of the 
Petermann-I mode field diameter MFDl (11.98 and 12.17 JUL 
5 m) given by the above-mentioned expressions (la) and (lb), 

effective area (69.7 and 72.1 JUm 2 ) , chromatic dispersion 
value (-2.1 and -2.2 ps/nm/km), and cutoff wavelength (1.53 
and 1.51 /Urn.) is substantially the same value between the 
^ two kinds of samples 4a and 4b. 

9 

5 10 The two kinds of samples 4a and 4b having respective 

CO 

=4= values of fiber diameter b different from each other as such 

CP 

F» were obtained by preparing two kinds of preforms, which used 

H 

l_ core members having an identical diameter, whose outside 

fU diameter ratios between core member and cladding member 

m 

GO 15 differed from each other, and drawing them. Further, the 

□ 

PJ periphery of each of the two kinds of samples 4a and 4b is 

provided with the coating layer, made of the same material, 
having an outside diameter of 250 jum (see Fig. 4A) . The 
values of the mode field diameter MFDl, effective area, and 
20 chromatic dispersion are those measured at a wavelength of 



1.55 //m. 

For each of these two kinds of samples 4a and 4b, 
microbend loss was measured by a method similar to that in 
the case of the first embodiment. As a result, while the 
25 microbend loss of sample 4a having a fiber diameter b of 

about 125 JUL was 4.12 dB/km, the microbend loss of sample 
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4b having a fiber diameter b of about 150 )JL was 0.74 dB/km, 
whereby the latter was able to achieve the target value of 
microbend loss of about 1 dB/km or less, by which no increase 
in loss would be generated by cabling. 
5 Fifth Embodiment 

Fig. 13 is a chart showing the refractive index profile 
in the fifth embodiment of the optical fiber according to 
the present invention. The optical fiber according to the 
fifth embodiment is a dispersion-flattened fiber, in which 

O 

5 10 the core region having an outside diameter a is constituted 

yy 

*P by an inner core having a refractive index nl and an outside 

01 

diameter of 3.75 jUm, and an outside core provided on the 

1 outer periphery of the inner core and having a refractive 

C3 

W index n2 (> nl) and an outside diameter of 8.25 JUm. On the 

ru 

£9 15 other hand, the cladding region having an outside diameter 

□ 

FU b has a depressed cladding structure and is constituted by 

an inner cladding which is provided on the outer periphery 
of the outer core and which has a refractive index n3 (= 
nl) and an outside diameter of 15. 0 jbtia, and an outside cladding 
20 provided on the outer periphery of the inner cladding and 

having a refractive index n4 (> n3, < n2) and an outside 
diameter b. 

The refractive index profile 600 shown in Fig. 13 
indicates the refractive index of each part on the line L 
25 in Fig. 3A, in which parts 610 and 620 show respective 

refractive indices in the core region 110 and cladding region 
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120. Further, in the fifth embodiment, the relative 
refractive index difference A + of the outer core (refractive 
index n2) with respect to the outer cladding (refractive 
index n4) is +0.63%, whereas the relative refractive index 
5 difference A" of each of the inner core (refractive index 

nl) and the inner cladding (refractive index n3) with respect 
to the outer cladding (refractive index n4) is -0.60%, each 
given by the following expression (5) : 

O 10 In the above-mentioned expression (5) , n CO re is the 

S3 

4* refractive index of the subject glass region, n c id is the 

CP 

0^ refractive index of the outer cladding taken as the reference . 

N 

s In expression (5) , the refractive indices of the individual 

o 

RJ glass regions can be placed in any order, so that the relative 

ru 

S3 15 refractive index difference of a region having a refractive 

Q 

fU index higher than that of the outer claddingbecomes a positive 

value and is represented by A + , whereas the relative 
refractive index difference of a region having a refractive 
index lower than that of the outer cladding becomes a negative 

20 value and is represented by A". In this specification, the 

relative refractive index difference is expressed in terms 
of percentage. 

The samples prepared for evaluating the fifth 
embodiment consist of two kinds having fiber diameters of 

25 125 /im and 160 jum, respectively. Also, the periphery of 

each of these samples is provided with the coating layer, 
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made of the same material, having an outside diameter of 
250 jum (see Fig. 4A) . Though their fiber diameters are 
different from each other, both of the samples have a chromatic 
dispersion value of 0.12 ps/nm/km at 1.55 jilm, an effective 
5 area of 72 jum 2 at a wavelength of 1.55 jum, and a cutoff 

wavelength of 1.187 /Zm. Also, their dispersion slope is 
0.0096 ps/nm 2 /km at a wavelength of 1530 nm, 0. 0120 ps/nm 2 /km 
at a wavelength of 1550 nm, and 0 . 0265ps/nm 2 /kmat a wavelength 

& 

Q of 1560 nm. Here , the dispersion slope refers to the gradient 

O 

03 10 of the graph indicating the chromatic dispersion value in 

=P 

CP a predetermined wavelength band. 

m 

Nl The microbend loss at a wavelength of 1.55 jUm (1550 

Q nm) was evaluated in each sample and, as a result, was found 

m 

fU to be 1.1 dB/km in the sample with a fiber diameter of 125 

m 

Q 15 jura, and 0.1 dB/km in the sample with a fiber diameter of 160 

ru 

jUtcl, whereby it was verified that the increase in loss caused 
by cabling was fully suppressed in the latter. 
Sixth Embodiment 

Fig. 14 is a chart showing the refractive index profile 
20 in the sixth embodiment of the optical fiber according to 

the present invention. The optical fiber according to the 
sixth embodiment is a dispersion-compensating fiber in which 
the core region having an outside diameter a is constituted 
by a single core having a refractive index nl and an outside 
25 diameter al . On the other hand, the cladding region having 

an outside diameter b has a depressed cladding structure 



27 




SEI 99-24B US 



and is constituted by an inner cladding which is provided 
on the outer periphery of the core and which has a refractive 
index n2 (< nl) and an outside diameter bl, and an outer 
cladding provided on the outer periphery of the inner cladding 
5 and having a refractive index n3 (> n2, < nl) and the outside 

diameter b. 

The refractive index profile 700 shown in Fig. 14 
indicates the refractive index of each part on the line L 
in Fig. 3A, in which parts 710 and 720 show respective 

O 

O 10 refractive indices in the core region 110 and cladding region 

m 

«P 120. Further, in the sixth embodiment, the relative 

m 

0^ refractive index difference A + of the core (refractive index 

M 

e nl) with respect to the outer cladding (refractive index 

o 

fU n3) and the relative refractive index difference A of the 

ru 

03 15 inner cladding (refractive index n2 ) with respect to the 

O 

ft) outer cladding (refractive index n3) are each given by the 

above-mentioned expression (5) . 

The samples prepared for evaluating the sixth 
embodiment are those, among samples with A + = +0.9% and A 

20 " = -0.44% as shown in Fig. 15, having characteristics 

indicated by point P in Fig. 15 in which the chromatic 
dispersion value at 1.55 JLLtd. (1550 nm) is -33 ps/nm/km, the 
dispersion slope at 1.55 jULm (1550 nm) is -0.10 ps/nm 2 /km, 
the effective area Aeff is 28 /im 2 , and the ratio Ra (= al/bl) 

25 of the outside diameter al of the core region to the outside 

diameter bl of the inner cladding is 0.6. They consist of 
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two kinds having fiber diameters of 125 jUm and 160 jUm, 

respectively. Also, the periphery of each of these samples 

is provided with the coating layer, made of the same material, 

having an outside diameter of 250 jUm (see Fig. 4A) . 

5 The microbend loss at a wavelength of 1.55 JUm (1550 

nm) was evaluated in each sample and, as a result, was found 

to be 2.3 dB/km in the sample with a fiber diameter of 125 

JUm and 0.3 dB/km in the sample with a fiber diameter of 160 

O JUm, whereby it was verified that the increase in loss caused 

□ 

JJO 10 by cabling was fully suppressed in the latter. 

4= 

gi Seventh Embodiment 

m 

Further, in the seventh embodiment, optical fibers 
p having a further enlarged effective area were evaluated. 

ru 

fy While the prepared samples have a refractive index profile 

GO 

q 15 identical to that of Fig. 14, their effective area is 122 

JUm 2 (110 JUm 2 or more) . The prepared samples consist of two 
kinds having fiber diameters of 125 jUm and 160 jUm, 
respectively. Also, the periphery of each of these samples 
is provided with the coating layer, made of the same material , 

20 having an outside diameter of 250 jUm (see Fig. 4A) . In both 

of the samples, though their fiber diameters are different 
from each other, the relative refractive index difference 
A + of the core (refractive index nl) with respect to the 
outer cladding (refractive index n3) is +0.28%, the relative 

25 refractive index difference A~ of the inner cladding 

(refractive index n2) with respect to the outer cladding 
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(refractive index n3) is -0.14%, the cutoff wavelength is 
1.49 /Zm, the effective area at a wavelengtluof 1 . 55 /Zm is 
122 JUL*?, the chromatic dispersion value at a wavelength of 
1.55 /Zm is 22.1 ps/nm/km, and the dispersion slope at a 
wavelength of 1.55 /Zm is 0.062 ps/nm 2 /km. 

The microbend loss at a wavelength . of 1.55 /Zm (1550 
nm) was evaluated in each sample and, as a result, was found 
to be 1.3 dB/km in the sample with a fiber diameter of 125 
/Zm and 0.2 dB/km in the sample with a fiber diameter of 160 
//m, whereby it was verified that the increase in loss caused 
by cabling was fully suppressed in the latter. 

As explained in the foregoing, since the optical fiber 
according to the present invention has a fiber diameter of 
140 /zm or more but 200 /Zm or less, the increase in microbend 
loss is effectively suppressed, and the probability of 
breaking caused by bending stresses can be lowered to such 
an extent that it is practically unproblematic . Also, if 
the absolute value of chromatic dispersion at a wavelength 
of 1.55 /zm is 5 P s/nm/km or less, and the Petermann-I mode 
field diameter is 11 /zm or more, then the occurrence of 
nonlinear optical phenomena is suppressed, whereby the 
optical fiber can suitably be used as an optical transmission 
line in WDM transmission systems utilizing the wavelength 

band of 1.55 /Zm. 

Without being restricted to the above-mentioned 
individual embodiments, the present invention canbemodified 
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in various manners. For example, the refractive index 
profile may have any structure without being limited to the 
double core structure and segmented core structure. It can 
also be realized by a ring core type refractive index profile 
5 in which a ring core region of a ring shape having a higher 

refractive index is provided around a center region having 
a lower refractive index. 

In thepresent invention, as explained in the foregoing, 
since the fiber diameter is 140 jum or more, the optical fiber 

O 10 has a high rigidity, so that the increase in microbend loss 

03 

=F is suppressed, whereas the probability of the optical fiber 

m 

OR breaking due to bending stresses is practically unproblematic 

N! 

s since the fiber diameter is 200 jUm or less. Also, if the 

Q 

fy absolute value of chromatic dispersion at a wavelength of 

m 

03 15 1.55 jUm. is 5 ps/nm/km or less, then the optical fiber is 

□ 

suitable for WDM transmissions in which this wavelength band 
is a wavelength in use. Further, in accordance with the 
present invention, since the mode field diameter is 11 jU 
m or more, the optical energy density per unit cross -sectional 
20 area is so low that the occurrence of nonlinear optical 

phenomena can be suppressed effectively. Therefore, the 
optical fiber according to the present invention is suitable 
as an optical transmission line in WDM optical transmission 
systems . 

25 From the invention thus described, it will be obvious 

that the embodiments of the invention may be varied in many 
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4= 
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si 

G 

ru 
ru 

□ 
ru 



ways. Such variations are not to be regarded as a departure 
from the spirit and scope of the invention, and all such 
modifications as would be obvious to one skilled in the art 
are intended for inclusion within the scope of the following 
claims . 
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